O rsay virus is the only known natural virus pathogen of Caenorhabditis elegans (1).
The recent discovery of Orsay virus has enabled identification of novel host factors essential for infection and immunity in this classic model organism (2-7). As many C. elegans genes and fundamental biological processes are evolutionarily conserved in higher eukaryotes, further dissection of virus-host interactions using this novel platform has the potential to identify novel insights into basic cellular biology and targets for antiviral therapeutics.
Orsay virus is a nonenveloped, positive-sense, single-stranded RNA virus most closely related to members of the Nodaviridae family (1) . Orsay virus has a bipartite genome encoding an RNA-dependent RNA polymerase (RdRp) in the RNA1 segment, which is ϳ3.4 kb. The viral capsid protein and a novel capsid-delta fusion protein whose function has been implicated in viral egress are encoded in the RNA2 segment, which is ϳ2.5 kb (1, 5).
We previously described an unbiased forward genetic screen to define host factors that mediate Orsay virus infection in C. elegans (3) . Central to the screen is the jyls8;rde-1(ne219) reporter strain, which is hypersensitive to Orsay virus and carries an integrated transcriptional green fluorescent protein (GFP) reporter under the virus-inducible pals-5 promoter (2). In our previous study, following ethyl methanesulfonate (EMS) mutagenesis, two mutants, sid-3(vir9) and viro-2(vir10), were isolated that fail to express GFP when challenged with Orsay virus and show a significant defect in viral RNA accumulation. sid-3 encodes a nonreceptor tyrosine kinase, and viro-2 is an ortholog of human Wiskott Aldrich syndrome proteins (N-WASP). These represent the first host genes identified to be necessary for Orsay virus infection in C. elegans. Both of these genes are required for early, prereplication steps of the virus life cycle. As the EMS screen in the previous study was not saturating, here we expanded the genetic screen to identify another novel host gene, drl-1, that is also critical for Orsay virus infection of C. elegans. As with sid-3 and viro-2, we determined that drl-1 acts at a step preceding viral RNA replication. drl-1 encodes a putative serine-threonine kinase that shares similarity with human mitogen-activated protein kinases (MAPK), implicating, for the first time in C. elegans, a role for a MAPK pathway in viral infection.
RESULTS
A forward genetic screen identified a novel host factor critical for Orsay virus infection in C. elegans. A chemical mutagenesis screen was performed using the previously described jyls8;rde-1(ne219) strain to identify additional host factors critical for Orsay virus infection in C. elegans (3) . The goal of the screen was to isolate mutants that failed to express GFP upon virus infection, referred to as Viro (for virus-induced reporter off) mutants.
Approximately 2,000 haploid genomes were mutagenized with EMS. Initially 127 Viro hits were isolated, and after several rounds of validation (i.e., bleaching and reinfection), two independent Viro mutants remained. Mating with the previously identified sid-3(vir9) and viro-2(vir10) mutants demonstrated that one of these Viro mutants belonged to the same genetic complementation group as sid-3(vir9), while the other mutant, Viro-4, represented an independent complementation group. Viro-4 reproducibly failed to express GFP following Orsay virus infection (Fig. 1A) . As the microsporidial pathogen Nematocida parisii can also activate GFP expression in jyls8; rde-1(ne219), we challenged Viro-4 with N. parisii. The mutant displayed intestinal GFP expression, demonstrating the integrity of the GFP transgene and that the failure to induce GFP was virus specific (Fig. 1A) .
Orsay virus RNA levels in Viro-4 were measured by real-time quantitative reverse transcription-PCR (qRT-PCR) 3 days after infection. Compared to the unmutagenized reporter strain, Viro-4 showed a Ͼ10,000-fold reduction in Orsay viral RNA at 3 days postinfection, demonstrating a significant defect in virus RNA production (Fig. 1B) . The Orsay virus RNA levels in Viro-4 were comparable to those seen in the previously identified sid-3(vir9) and viro-2(vir10) mutants (Fig. 1B) .
Mutation in the drl-1 gene is responsible for the Viro-4 phenotype. To identify the mutation responsible for the virus-resistant phenotype in the Viro-4 mutant, F2 bulk segregant analysis was performed by outcrossing the strain with the rde-1(ne219) mutant strain, which is also highly susceptible to Orsay virus infection, as previously described (3). Thirty-eight independent F2 cross-progenies that had the GFP and virus-resistant phenotype (data not shown) were isolated. Their F3 progenies were pooled and subjected to whole-genome sequencing and analyzed using the CloudMap bioinformatic pipeline (8) .
Three candidate mutations were identified in the linked region on chromosome IV: a G-to-A nonsense mutation, which leads to a loss of the splice acceptor site of the ninth exon of the drl-1 gene, a G-to-A missense mutation, which results in a D522N amino acid substitution in the same drl-1 gene, and a G-to-A missense mutation in the cogc-8 gene, which results in an R360Q amino acid substitution. drl-1 encodes a putative serine/threonine kinase; RNA interference (RNAi) knockdown of drl-1 is reported to lead to an increase in lifespan, decrease in fat storage, and lower levels of oxidizing agents (9) . By BLASTp analysis, the kinase DRL-1 has 26% sequence identity (44% sequence similarity) to the human MAP kinase kinase kinase (MEKK3), which has been shown to function in signaling cascades regulating cellular proliferation, differ-entiation, and inflammatory responses (10) (11) (12) (13) (14) . cogc-8 encodes a subunit of lobe B of the conserved oligomeric Golgi complex and has been reported as a mediator of gonad morphogenesis and gonadal cell migration (15) .
To determine which of these genes was responsible for the GFP and virus-resistant phenotype in the Viro-4 mutant, we first performed RNAi knockdown of drl-1 and cogc-8 in the drh-1 mutant background, which is hypersensitive to Orsay virus infection and has a functional feeding RNAi pathway. RNAi knockdown of drl-1 showed an approximately 10-fold reduction in Orsay virus RNA at 2 days postinfection compared to that of the empty RNAi feeding vector, cogc-8, or an irrelevant host gene, dpy-3 ( Fig.  2) . These results suggested that drl-1, not cogc-8, was the causal gene. To provide independent validation, we ectopically expressed wild-type DRL-1 from either a fosmid encompassing the drl-1 locus or a plasmid driven by the ubiquitous sur-5 gene promoter in the Viro-4 mutant. Orsay virus infection of both strains led to wild-type levels of both GFP expression and Orsay virus RNA at 3 days postinfection ( Fig. 3A and  B) . These results demonstrated mutation of the gene drl-1 is responsible for the Viro-4 phenotype; this mutant will be referred to here as the drl-1(vir11) mutant strain.
DRL-1 is necessary for a prereplication step of the Orsay virus life cycle.
To assess the stage of the Orsay life cycle upon which DRL-1 acts, we generated a transgenic drl-1(vir11) strain carrying an extrachromosomal array of plasmids encoding the Orsay virus RNA1 segment under the control of a heat shock promoter as previously described (3) . As a control to determine the level of Orsay RNA generated by DNA templated transcription, a transgenic drl-1(vir11) strain carrying extrachromosomal arrays of a D601A polymerase-dead mutant of Orsay virus RNA1 was also generated (3). We previously determined that the wild-type RNA1, but not the D601A mutant, expressed in jyls8;rde-1(ne219) is sufficient to support replication of the Orsay virus RNA1 segment as a replicon system and activate GFP expression. Heat shock of drl-1(vir11) mutants carrying the wild-type Orsay RNA 1 segment induced intestinal GFP expression at 3 days after induction, whereas the D601A mutant-carrying animals did not (Fig. 4A) . By qRT-PCR, ϳ100-fold more viral RNA was detected in the wild-type RNA1-carrying line than the mutant expressing the polymerase-dead mutant Orsay virus RNA1 segment. The level of Orsay RNA1 replication was comparable to that observed in the analogous wild-type jyls8;rde-1(ne219) strain (Fig. 4B) . These observations demonstrate that the absence of DRL-1 does not affect Orsay virus replication from an endogenous transgene. Therefore, DRL-1 is necessary for a prereplication step of the Orsay life cycle.
DISCUSSION
The recently established Orsay virus-C. elegans model provides a robust system to define host-virus interactions. Initial studies in this nascent field have begun to identify novel proviral and antiviral factors (2-7). We previously described a forward genetic screening strategy to identify proviral host factors which identified sid-3 and viro-2 (3). As that pilot screen was not saturated, as evidenced by the absence of multiple alleles of the same gene, we extended the screen to another 2,000 haploid genomes. Here, we identified drl-1 as a novel host gene essential for Orsay virus infection of C. elegans.
Only one prior publication has characterized drl-1. It is reported to be a negative regulator of life span and health, likely through nutrient sensing and metabolic shifts (9) . In that study RNAi knock down of drl-1 led to an extension in longevity, an increase in fatty acid degradation, and a decrease in cellular reactive oxygen species (ROS). Whether drl-1 mediates virus infection through these pathways or functions in a novel pathway remains to be explored.
The phenotypes we observed in drl-1(vir11) with respect to Orsay virus infection phenocopied our previously reported sid-3(vir9) and viro-2(vir10) mutants. Specifically, in addition to the failure to activate GFP following Orsay infection, Orsay RNA levels were reduced to comparable levels by Ͼ10,000-fold. In addition, DRL-1, like SID-3 and VIRO-2, was dispensable for Orsay replication from an endogenous transgene, suggesting that all 3 of these genes act at a prereplication step of the Orsay virus life cycle. Whether they act together to affect the same step or distinct steps is currently unknown. While there is no experimental data directly linking DRL-1 to SID-3 or VIRO-2, given that DRL-1 has reported kinase activity (9) , it is tempting to speculate that DRL-1 functions in a signaling pathway linked to SID-3 and/or VIRO-2.
In contrast to sid-3 and viro-2, which have clear mammalian orthologs, there is no clear mammalian ortholog of drl-1. By BLASTp analysis, the human gene with greatest similarity is that encoding MEKK3, with 26% sequence identity (44% sequence similarity). MEKK3 is a serine/threonine kinase and a member of the MAPK family. MEKK3 has been reported to regulate signaling pathways, such as ERK, JNK, and p38, involved in various cellular processes, such as proliferation, differentiation, apoptosis, and inflammatory responses in response to extracellular signals and stresses (10) (11) (12) (13) (14) . In C. elegans, the p38 MAPK pathway plays a role in the response to bacterial pathogens, but there have been no reports linking MAPK pathways to viruses in C. elegans (17) .
Increasing evidence demonstrates the crucial role of MAPK signaling pathways in viral infection in mammals. For example, influenza A virus (IAV) infection requires activation of the MAPK/ERK pathway for efficient viral replication, as inhibition of this pathway reduces IAV titers in human lung carcinoma cells and mouse lung tissues (18, 19 ). Conversely, constitutive activation of this pathway yielded higher virus titers in cell culture and enhanced mortality in vivo (18, 20) . Hepatitis C virus (HCV) and coxsackievirus B3 (CVB3) also upregulate activity of the MAPK cascade upon infection, and inhibiting this pathway suppresses both HCV and CVB3 viral replication in cell culture (21) (22) (23) (24) . The amino acid similarity, albeit somewhat limited, between C. elegans DRL-1 and human MEKK3 raises the possibility that the MAPK pathway's function in mediating viral infection is evolutionarily conserved from C. elegans to humans. Future studies will dissect whether DRL-1 interacts with C. elegans MAPK pathways as well as whether human MEKK3 or related kinases are important for infection by mammalian viruses.
MATERIALS AND METHODS
C. elegans culture and maintenance. C. elegans strains WM27 rde-1(ne219) and RB2519 drh-1(ok3495) were obtained from the Caenorhabditis Genetics Center (CGC) and maintained under standard laboratory culture conditions unless otherwise specified (25) ( Table 1 ). In brief, animals were fed Escherichia coli OP50 on nematode growth medium (NGM) plates in a 20°C incubator and chunked every 3 to 4 days to a new NGM plate seeded with E. coli OP50.
Orsay virus preparation, infection, and RNA extraction. Orsay virus was prepared by liquid culture as described previously (26), filtered through a 0.22-m filter, and stored at Ϫ80°C. For all infection experiments, animals were bleached and then synchronized in M9 buffer (27) in 15-ml conical tubes with constant rotation at room temperature for 16 h. Five hundred arrested larval stage 1 (L1) larvae were seeded onto each well of a six-well plate with 20 l of an E. coli OP50 lawn. L1 larvae were allowed to recover for 20 h at 20°C prior to infection. Orsay virus filtrate was thawed at room temperature and then diluted 1:10 with M9 buffer. For each well, 20 l of virus filtrate was added into the middle of the bacterial lawn and incubated at 20°C. Three days after infection, animals were collected into 1.5-ml Eppendorf tubes by washing each well with 1 ml of M9 buffer and then pelleted by spinning for 1 min at 3,000 rpm in a benchtop centrifuge. M9 supernatant was removed and 300 l TRIzol reagent (Invitrogen) was added to the tubes, and then the tubes were frozen in liquid nitrogen. For each experiment, three replicate wells were used for each infection condition unless otherwise indicated. Total RNA from infected animals was extracted using Direct-zol RNA miniprep (Zymo Research) purification according to the manufacturer's protocol and eluted into 30 l of RNase/DNase-free water.
C. elegans feeding RNAi knockdown. RNAi feeding was used for gene knockdown as described previously (28) . E. coli strain HT115, carrying double-stranded RNA expression cassettes for genes of interest, was induced using established conditions and then seeded into six-well NGM plates. dpy-3 and cogc-8 RNAi clones were from the Ahringer RNAi library (29) . To construct the drl-1 feeding RNAi clone, a 1-kb genomic fragment of the gene was amplified by single-animal PCR using primers LS86 (TAAGC AGGATCCATTCTGCTACCAATTATCATTTTGCT) and LS87 (ATTCGTTGCTTATCATGCAATCTTATCAACACCATA ACC). The PCR product was digested with BamHI, cloned into pL4440, and transformed in E. coli HT115. Twenty arrested L1 drh-1 mutant animals were seeded into each well of a six-well plate. After 72 h of RNAi feeding, Orsay virus was added to the plates as described above. At 48 h postinfection the infected C. elegans animals were collected, and 300 l of TRIzol (Invitrogen) was added to each well for RNA extraction.
Orsay virus quantification by real-time qRT-PCR. RNA extracted from infected animals was subjected to one-step real-time quantitative reverse transcription-PCR (qRT-PCR) to quantify Orsay virus replication as previously described (16) . Briefly, the extracted viral RNA was diluted 1:100, and 5 l was used in a TaqMan fast virus one-step qRT-PCR with primers and probe (Orsay_RNA2) that target the Orsay RNA2 segment. Absolute Orsay virus RNA2 copy number was determined by comparison to a standard curve generated using serial dilutions of Orsay virus RNA2 in vitro transcripts. Primers GW314 and GW315 and probe Orsay_RNA1, which target the Orsay virus RNA1 segment, were used to quantify Orsay virus RNA1 abundance (26) . To control for variation in the number of animals, Orsay virus RNA levels were normalized to an internal control gene, rps-20, which encodes a small ribosomal subunit S20 protein required for translation in C. elegans (30) . The means and standard deviations for three replicate wells are shown for all experiments. Each experiment was performed in two or more biologically independent experiments. Statistical testing was done by Student's t test, unless otherwise stated. Statistically significant comparisons are indicated: ****, P Ͻ 0.0005; ***, P Ͻ 0.005; **, P Ͻ 0.01; *, P Ͻ 0.05; NS, not significant (P Ͻ 0.05).
Forward genetic screen for mutants unable to induce GFP expression following Orsay virus infection. The jyIs8;rde-1 reporter strain was maintained on 10-cm plates seeded with 1.5 ml of E. coli OP50. Animals were grown to a stage with a high proportion of L4 larvae and were then collected by washing the plates with water. Animals were then treated with 50 mM EMS for 4 h at 20°C with constant rotation. Animals were washed with M9 buffer and recovered on 10-cm plates for 6 h. Ten L4 P0 animals were transferred to 10 new NGM plates and were allowed to lay about 10 F1 eggs each before being removed. F1 animals were washed away from plates after each animal laid about 20 eggs. Hatched F2 animals were challenged with 800 l of a 1:10 dilution of Orsay virus filtrate per plate and screened for Viro mutants. For complementation assays, eight males of either sid-3(vir9) or viro-2(vir10) mutant strain were crossed with two hermaphrodites of the Viro mutants to define the ability of their progeny to complement the Viro phenotype.
Genetic mapping through F2 bulk segregant and CloudMap analysis. Viro-4 mutants were crossed with the WM27 rde-1(ne219) strain, and F1 progenies were chosen and transferred to six-well plates. After 3 days, the F2 progenies were challenged with Orsay virus. A total of 72 F2 Viro animals were picked off F1 plates and transferred to six-well plates. F2 plates were replicated after 1 day of laying eggs. The original F2 plates were challenged again with Orsay virus, and both virus-induced GFP fluorescence and Orsay virus RNA levels were assayed at 3 days postinfection. Thirty-eight wells that yielded exclusively Viro animals and that yielded low RNA levels from replicated F2 plates were pooled, and genomic DNA from pooled samples was extracted using a Qiagen genomic DNA preparation kit according to the manufacturer's protocol. DNA libraries were prepared using a Nextera library preparation kit (New England Biolabs) and then sequenced using an Illumina MiSeq standard. The raw sequence data were analyzed using the pipeline CloudMap for C. elegans gene mapping (8) .
Plasmid construction for gene overexpression. To construct the drl-1 expression plasmid (Psur-5::drl-1), the entire drl-1 gene was amplified from fosmid WRM0633dH12. The PCR product was digested by SacII and NotI and was then ligated into the plasmid containing the sur-5 promoter.
Ectopic trans-complementation with plasmids encoding DRL-1. For rescue of Viro-4, a fosmid (WRM0633dH12) or an expression plasmid containing the drl-1 gene was injected into the mutant strain at a concentration of 50 ng/l or 5 ng/l, respectively, along with 5 ng/l of Pmyo-2::YFP as a transgenic marker and 100 ng/l of DNA ladder (NEB) to help establish the array (31). For Orsay virus infection experiments, ten stable transgenic arrays containing F2 animals were seeded into each well of a six-well plate. After 72 h of egg laying, Orsay virus was added to the plates as described above. At 72 h postinfection the infected animals were assayed for GFP fluorescence and collected for RNA extraction and qRT-PCR to assay virus replication.
Epifluorescence microscopy. The microscopic visual scanning analysis for Orsay virus infection was carried out using a Leica stereo fluorescence microscope. Images of C. elegans mutant infections were acquired using a Zeiss Axio Imager M2 inverted fluorescence microscope equipped with a Hamamatsu Flash4.0 CMOS camera for fluorescence. Briefly, young adult to adult C. elegans animals were anesthe-tized with 1 mM levimisol and then put on a 2% dry agarose pad with a coverslip (5 by 5 cm) on top. Images were acquired from both fluorescence channels and bright-field channels.
